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ABSTRACT

Chitinase and 0-1,3-glucanase purified from pea pods acted synergis-
tically in the degradation of fungal cell walls. The antifungal potential of
the two enzymes was studied directly by adding protein preparations to
paper discs placed on agar plates containing germinated fungal spores.
Protein extracts from pea pods infected with Fusarium solani f.sp.
phaseoli, which contained high activities of chitinase and 0-1,3-glucanase,
inhibited growth of 15 out of 18 fungi tested. Protein extracts from
uninfected pea pods, which contained low activities of chitinase and 0-
1,3-glucanase, did not inhibit fungal growth. Purified chitinase and /8-
1,3-glucanase, tested individually, did not inhibit growth of most of the
test fungi. Only Trichoderma viride was inhibited by chitinase alone, and
only Fusarium solani f.sp. pisi was inhibited by ,B-1,3-glucanase alone.
However, combinations of purified chitinase and 6-1,3-glucanase inhib-
ited all fungi tested as effectively as crude protein extracts containing the
same enzyme activities. The pea pathogen, Fusarium solani f.sp. pisi,
and the nonpathogen of peas, Fusarium solani f.sp. phaseoli, were simi-
larly strongly inhibited by chitinase and 6-1,3-glucanase, indicating that
the differential pathogenicity of the two fungi is not due to differential
sensitivity to the pea enzymes. Inhibition of fungal growth was caused by
the lysis of the hyphal tips.

Biochemical research on disease resistance has two prime
objectives: first, to characterize the biochemical mechanisms by
which plants inhibit or destroy potential pathogens in general,
and second, to establish what specific factor or factors determine
the compatibility or incompatibility in particular host-pathogen
interactions (5). In the present communication, we do not ad-
dress the second theme but deal with an interesting facet of the
first one. We provide direct evidence that combinations of two
pathogen-induced plant proteins, chitinase and ,B-1,3-glucanase,
strongly inhibit growth of many pathogenic fungi.

In addition to the variety of preformed and inducible second-
ary compounds, chitinase and 3- 1,3-glucanase have long been
suggested to belong to the antifungal defenses of plants (1, 8, 9,
23). This is based on the following indirect evidence: First, high
activities of chitinase and 3- 1,3-glucanase are frequently found
in higher plants (8, 9), but chitinase has no known substrate in
the plant itself, and the substrate for -l-1,3-glucanase, callose, is
usually present only in small quantities (1). However, chitin and
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,3-1,3-glucans are important structural elements of the cell walls
of many fungi (27) and may represent the natural substrate for
the two plant hydrolases. Second, purified plant chitinase and f3-
1,3-glucanase can partially degrade isolated fungal cell walls (6,
15, 28). Third, chitinase and fl-1,3-glucanase are coordinately
induced by ethylene and by pathogen infections or pathogen-
derived elicitors in various tissues (1, 19, 24). Fourth, a bean
pathogen, Colletotrichum lindemuthianum, has been observed to
produce proteins which inhibit plant ,B-1,3-glucanase (2). This
may be interpreted as an evolutionary adaptation ofthe pathogen
to one of the plant's defenses.

Since we have purified two chitinases and two ,B- 1,3-glucanases
from infected young and uninfected old pea pods, as reported in
the preceding article (20), we became interested in determining
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FIG. 1. Release of soluble GIcNAc oligomers (A) and of soluble
reducing oligosaccharides (B) from isolated cell walls of F. solani f.sp.
phaseoli by purified chitinase (O), purified ,B-I,3-glucanase (A) and by a
combination of the two enzymes (0). Incubation was at 37°C for 2 h.
The enzymes were purified from uninfected old pea pods. The Bl-1,3-
glucanase purified was of the form GI; chitinase was a mixture of the
forms Chl and Ch2 (20). Chitinase activity was determined by the
colorimetric assay ( 17).
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FIG. 2. Effect of protein preparations on growth of various fungi. Spores of the fungi were germinated on agar plates for 20 h. Subsequently,
filter discs were placed on the agar, and 40 AL of the following protein preparations were pipetted on the discs: 1, water; 2, crude protein extract
(lx) from untreated immature pea pods (containing 0.09 Ag Chl-equivalents and 0.26 Ag GI-equivalents); 3, crude protein extract (lx) from pea
pods incubated with sterile water for 24 h (containing 0.24 jtg Chl-equivalents and 0.37 Ag GI-equivalents); 4, 5, 6, and 7, crude protein extracts
(0.5x, lx, 2x, and 5x, respectively) from pea pods incubated with F. solani f.sp. phaseoli for 24 h (the extract lx contained 1.3 gg Chl-equivalents
and 2.6 ,g GI-equivalents); 8, crude protein extract (lx) from infected pea pods, boiled for 10 min before application; 0, Cyt c (1 mg mL-'). The
amount of protein per ml in the extracts 1 x was 6 mg mL-' and corresponded to the amount of protein extracted from 1 g fresh weight of the
tissue. A, F. oxysporum f.sp. lycopersici; B, M. fructigena; C, T. basicola; D. A. solani; E, A. bombacina; F, A. niger.

ifthe postulated antifungal activity ofchitinase and ,B-1 ,3-glucan-
ase could be demonstrated directly. In this article, we demon-
strate that combinations ofpurified chitinase and p-1 ,3-glucanase
strongly inhibit growth of a number of potentially pathogenic
fungi.

MATERIALS AND METHODS

Biological Material. Pods of Pisum sativum L. cv "Dot" (an
Alaska-type variety) were obtained as described (20). Fusarium
solani f.sp. phaseoli (strain W8, American Type Culture Collec-
tion, ATCC 38135) and Fusarium solani f.sp. pisi (ATCC
38136), were gifts from Dr. L. A. Hadwiger, Washington State
University, Pullman. Different pathotypes ofAscochyta pisi were
kindly provided by Dr. P. Matthews, Norwich, and by Dr. M.
Allard, Versailles. The following fungi were provided by Dr. F.
J. Schwinn, Basel, and by Dr. U. Gisi, Witterswil: Alternaria
solani, Aspergillus niger, Athelia bombacina, Botrytis cinerea,
Cladosporium cucumerinum, Colletotrichum lagenarium,
Drechslera sativa, Fusarium culmorum, Fusarium oxysporum
f.sp. lycopersici, Monilinia fructigena, Penicillium digitatum,
Phoma Betae, Pythium aphanidermatum, Pythium ultimum, and
Thielaviopsis basicola. Phytophthora cactorum was a gift of S.
Jaunin, Basel. All fungi were cultivated on malt extract agar with
the following exceptions: Ascochyta pisi was grown on modified
Coon's Agar (14), C. lagenarium on the medium of Marthur et
al., (18), and the Oomycetes P. cactorum, P. aphanidermatum,
and P. ultimum on V8-agar.

Preparation of Plant Extracts and of Purified Enzymes. The

treatment of immature pea pods with sterile water or a spore
suspension of F. solani f.sp. phaseoli as well as the incubation
and extraction conditions are described in the preceding paper
(20). The protein pellet obtained from crude extracts after am-
monium sulfate precipitation (95% saturation) was redissolved
in water and extensively dialyzed against water. For the test of
antifungal activity, the dialyzed extracts were filtered through a
0.22 Am membrane filter, lyophilized and taken up in sterile
water just before use. The purification of the different forms of
chitinase and ,B-1,3-glucanase, the corresponding enzyme assays,
and the protein measurements were performed as described (20).

Isolation and Enzymatic Degradation of Isolated Fungal Cell
Walls. F. solani, f.sp. phaseoli and f.sp. pisi, were grown in liquid
culture (13) on a reciprocal shaker set at 60 rpm at room
temperature. Fungal mycelium was harvested after 28 h of in-
cubation, and fungal cell walls were isolated as described (6),
except that the mycelium was homogenized in water instead of
buffer. The isolated fungal cell walls were repeatedly sonicated
and washed until no cytoplasmic contamination could be de-
tected by light microscopy. The final cell wall suspension was
sonicated again just prior to use for degradation studies.
The enzymic degradation of the isolated cell walls was per-

formed in a reaction mixture containing 10 j.mol sodium acetate
buffer (pH 5.5), 1.2 mg isolated cell walls, and enzyme solution
in a total volume of 1 mL. The reaction mixture was incubated
at 37'C on a shaking water bath for 2 h and stopped by centrif-
ugation (5 min, 2000g). The release of reducing sugars was
determined as described (1 1). The released water-soluble chito-
oligosaccharides were degraded to GlcNAc by the action of snail
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Table I. Inhibition ofGrowth of Various Fungi by Crude Protein Preparationsfrom Infected Pea Pods and
by Purified Enzymes

Sensitivitya
Test Fungus Crude protein Combination of

preparation ChI and G2b
F. solani f.sp. phaseoli +++ +++
F. solani f.sp. pisi +++ +++
F. culmorum +++ ND
F. oxysporum f.sp. lycopersici +++ ND
Ascochyta pisi, pathotype 1, 2 and 4 +++ +++
C. lagenarium +++ ND
A. solani +++ ND
M.fructigena +++ ND
P. digitatum +++ +++
A. niger +++ +++
T. basicola +++ +++
A. bombacina +++ +++
T. viride +++ +++
B. cinerea ++ ND
C. cucumerinum + ND
Ph. cactorumc ND
P.ultimum- ND

P. aphanidermatumc ND

a The scale was: +++, inhibition by a protein extract "lx" (cf. Fig. 3), i.e. at a concentration (amount per
mL) equivalent to the amount per g infected tissue; ++, inhibition by a twice concentrated protein extract; +,
inhibition by a five times concentrated protein extract; -, no inhibition. ND, not determined. b Test using
a combination of purified chitinase Chl and ,B-1,3-glucanase G2 (20) at concentrations (activities per ml)
equivalent to their activities per g infected tissue. c Tested against radial growth of fungal colony.

gut enzyme (Cytohelicase, IBF, Clichy, France), and the GlcNac
was assayed colorimetrically (6). All assays were run in triplicate
and showed mean standard deviations of less than 10%. The
data were corrected using enzyme blanks, substrate blanks, and
internal standards of glucose and GlcNac, respectively.
Assay of Antifungal Activity. All manipulations were carried

out under sterile conditions. Fungal spores were harvested from
well sporulating colonies and suspended in sterile water. The
concentrations of the spore suspensions were determined in a
hemacytometer and adjusted to 1.0 to 2.5 x 106 spores per ml,
depending on the fungus to be tested. The freshly prepared
suspensions (0.5 and 2.0 mL for plates with a diameter of90 and
150 mm, respectively) were plated out on Petri dishes containing
the nutrient agar used for maintenance of the test fungus. To
allow for spore germination and initial vegetative growth, the
plates were incubated for 20 to 24 h at room temperature. At
this time, sterile filter paper discs (4 mm diameter) were laid on
the agar surface, and 40 ,uL of the solutions to be tested were

applied to the discs. The plates were further incubated at room
temperature and photographed 24 to 72 h after the onset of
treatment. All test solutions were filtered through a 0.22 ,um
membrane filter prior to application.
To evaluate effects of the test solutions on fungal growth,

samples adjacent to the filter discs were taken at intervals from
0 to 7 h after application of the test solutions. The samples were

squashed, stained with lactophenol cotton blue, observed with a

light microscope (Wild, M20), and photographed.
Antifungal activity against Oomycetes was tested by applying

the extracts to wells punched into the agar in front ofthe growing
fungus (26).

RESULTS

Degradation of Isolated Fungal Cell Walls by Chitinase and
fl-1,3-glucanase. Cell walls isolated from Fusarium solani f.sp.
phaseoli, a nonpathogen ofpea, were incubated with preparations
of purified chitinase and 3- 1,3-glucanase and with their combi-

nations. The results of a representative experiment are shown in
Figure 1. When assayed individually, both enzymes released
soluble reducing oligosaccharides from the cell walls. Chitinase,
but not ,6-1,3-glucanase, released GlcNAc oligosaccharides from
the cell walls. However, combinations of chitinase and A3- 1,3-
glucanase released more GlcNAc oligomers than chitinase alone,
indicating a synergistic effect of (-1,3-glucanase on the degrada-
tion of cell wall chitin by chitinase. The amount of soluble
product formed at the highest enzyme concentration corre-
sponded to about 10% of the dry weight of the cell walls.
The cell walls of F. solani f.sp. pisi, a pathogen of peas, were

partially degraded, but the amount of reducing sugars and
GlcNAc oligomers released was about 30% lower per mg cell
wall material than with the walls of F. solani f.sp. phaseoli (data
not shown). The preparations from F. solani f.sp. pisi, which
formed many more microconidia in liquid culture, contained a
higher proportion of spore walls. Isolated spore walls were found
to be more resistant to enzymic attack (our unpublished
observations).

Inhibition of Fungal Growth by Protein Preparations from Pea
Pods. Protein extracts were prepared from immature pea pods
by ammonium sulfate precipitation followed by dialysis against
water. To test for antifungal activity, aliquots ofthe sterile filtered
protein preparations were added to filter discs on agar plates
containing germinating fungal spores. (The concentration of
protein solution applied to the discs was adjusted to the mean
concentration of proteins in the tissue, or to multiples thereof,
to allow for easy comparison.) In the following 24 h, distinct
inhibition zones developed around the filters treated with the
extracts from infected tissue (Fig. 2). Out of 15 fungal strains
(with a chitin-glucan cell wall) tested, 13 were susceptible to an
extract with a protein concentration equivalent to the concentra-
tion ofsoluble protein in the original tissue (Table I). The growth
ofthe remaining two strains was inhibited only by two- and five-
times concentrated extracts. Extracts from untreated, immature
pods did not inhibit fungal growth, showing that the inhibitory
activity was induced in response to fungal infection. Some fungi
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FIG. 3. Inhibition of fungal growth by crude protein preparations and by purified enzymes. Fungal spores were allowed to germinate and grow
for 24 h prior to the application of the test solutions (40 gL). The discs contained either crude protein preparations from infected pea pods (top
row), or chitinase Chl and ,-I,3-glucanase G2 purified from the infected pods (20), singly (rows 2 and 4) or in combination (row 3). The amount
of enzymes and protein present in the 40 ML solutions applied to the discs of the column labeled lx were equivalent to the amount present in 40
mg fresh weight of the infected tissue, i.e. 1.3 ,ug chitinase, 2.6 gg ,3-1,3-glucanase, and 200 gg of protein.

were slightly inhibited by protein extracts from pea pods incu-
bated with sterile water, indicating that the inhibitory activity
was induced to some extent by wounding. Boiling of the protein
preparation from infected pods for 10 min completely destroyed
the inhibitory activity against all test fungi. Cyt c, a basic protein
like chitinase and A- 1 ,3-glucanase, did not inhibit growth of any
ofthe test fungi. In general, there was a good correlation between
the chitinase and f3- 1,3-glucanase activities present in an extract
and its inhibitory activity on fungal growth.
Three representatives of the Oomycetes were also tested. Since

these fungi did not readily form spores, they were subjected to a
radial growth inhibition assay described earlier for Trichoderma
viride (26). None of them was inhibited by any of the prepara-
tions tested.

Inhibition of Fungal Growth by Purified Chitinase and fl-1,3-
Glucanase. In order to examine the contribution of chitinase and
f3-1,3-glucanase to the observed antifungal activity of crude pro-

tein extracts, purified enzymes were tested individually or in
combination with eight different fungi. The inhibitory activity
of a dilution series of a crude protein preparation from infected
pea pods was directly compared with a dilution series of purified
chitinase and ,B-1,3-glucanase adjusted to the enzyme concentra-
tion present in the crude protein preparations (Fig. 3). When
applied individually, chitinase was inhibitory only to T. viride,
and f3-1,3-glucanase only to F. solani f.sp. pisi. The growth of all
other fungi tested with purified enzymes (Table I) was inhibited
only when both enzymes were used in combination. Inhibition
of fungal growth by combinations of the purified enzymes was
as effective as the inhibition caused by the corresponding crude
protein preparation, indicating that chitinase and ,3-l ,3-glucanase
are the main antifungal proteins in pea tissue. The growth of
most of the test fungi was inhibited by chitinase and fl-1,3-
glucanase concentrations in the range of 10 to 30 Mg mL-'.
Infected tissue contained 1.3 ug chitinase and 2.6 Mg f3-1,3-

T.viride
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FIG. 4. Effect of crude protein preparations and of purified proteins
on fungal growth. Test conditions were the same as described in Figure
3. The control extracts are described in Figure 2.

glucanase per 40 mg fresh weight, corresponding to 32 ug chiti-
nase and 65 Mg (3-1,3-glucanase per mL tissue.
The most sensitive fungi were T. viride and F. solani f.sp. pisi,

which were inhibited by protein extracts from uninfected and
wounded pea pods, respectively (Fig. 4). As little as 1 Mg mL-'
chitinase showed an inhibitory effect on T viride. However, T.
viride was the only fungus to quickly overcome this inhibition.
It started to overgrow the initial inhibition zones within 24 h
after application of the test solutions. In all other cases, the
inhibition zones remained visible for at least 1 week.
Each of the purified proteins was also tested at a higher

concentration of 10 Mg per assay disc, corresponding to 250 MAg
ml-' (Fig. 4). Both (3-1 ,3-glucanases inhibited growth ofF. solani
f.sp. pisi. The chitinases Chl and Ch2 (20) inhibited only T.
viride. The pathogen-induced chitinase Chl was slightly more
inhibitory than the maturation-related chitinase Ch2. All other
fungi tested were not inhibited by high concentrations of single
enzymes, indicating an almost absolute requirement for both

enzyme activities to cause inhibition of fungal growth. The
unknown protein (20) did not inhibit any of the test fungi.

Lysis of the Hyphal Tips. An examination by light microscopy
of the mycelium developing around the filter discs showed that
the inhibition of fungal growth by extracts from infected tissue
was caused by the lysis of the hyphal tips (Fig. 5, E and F). Lysis
of the hyphal tips appeared to be the cause of growth inhibition
for all fungi listed in Table I. Hyphae growing under the influence
of an extract from untreated pea pods did not show any obvious
growth aberrations (Fig. 5, A and B). Treatment of the fungi
with purified enzymes caused the same swelling and lysis of the
hyphal tips as observed with the crude protein extracts from
infected tissue (Fig. 5, G and H). The lysis of the fungal tips by
a combination of chitinase and (3-1,3-glucanase was a fast reac-
tion. In some instances, the fungal tips started to burst within 1
min after the direct application ofthe test solutions to the hyphae;
subsequently, the cell contents started to flow out, leading to the
disruption of the cytoplasm remaining in the hyphae (Fig. 5, D
and H). Occasionally, lysis did not occur only at the hyphal tips
but also near septa (Fig. 5H). In separate experiments performed
with F. solani f.sp. phaseoli, it was found that these were the two
regions which stained with fluorescence-labeled WGA3 indicating
that chitin was freely accessible at these locations (data not
shown).

DISCUSSION
Hitherto, the hypothesis of an antifungal activity of plant

chitinases and #-1,3-glucanases has rested on indirect arguments
(8, 9, 23). We now have demonstrated directly that chitinase and
(3-1,3-glucanase strongly inhibit fungal growth. It is particularly
interesting that the two enzymes individually do not affect growth
ofmost fungi. They need to be combined to exert their antifungal
activity. This strongly indicates that the antifungal effect is due
to the enzyme activities ofchitinase and B- 1,3-glucanase; it seems
highly improbable that each ofthe two proteins cause nonspecific
side effects that must be combined to inhibit fungal growth. The
finding also provides a biological explanation for the coordinated
regulation of chitinase and (3-1,3-glucanase in plants (1, 19, 20,
24).

In combination, chitinase and (3-1,3-glucanase at concentra-
tions as low as 10 to 30 Mg ml-' were sufficient to inhibit growth
of many phytopathogenic fungi. These inhibitory enzyme con-
centrations correspond to one-fourth or less of the amount
present in infected pea pods, indicating that inhibition may well
occur under physiological conditions. Considering that the in-
duction of the two enzyme activities is a local reaction (data not
shown), the actual enzyme concentrations in the vicinity of an
invading fungus may reach inhibitory levels even earlier than
indicated by the activities of the crude protein extracts.
Some plant lectins have also been reported to inhibit fungal

growth; however, the concentrations required for inhibition were
in the range of 1 mg mL-', i.e. two orders of magnitude higher
(3, 10, 21). As discussed previously, some ofthe inhibitory effects
of lectin preparations may have been due to contamination with
antifungal hydrolases (26). Recently, two antifungal proteins
were isolated from barley seeds (25): one, a ribosome-inactivating
protein, inhibited growth of the test fungus Trichoderma reesei
at a minimal concentration of 120 ,g mL-'; the second, which
was recently identified as an endochitinase (17), was inhibitory
at a minimal concentration of 4 Mg mL-'. We have observed
that bean chitinase (26) and pea citinase inhibit the growth
of a related fungus, Trichoderma viride, at similarly low
concentrations.

Microscopic observations have shown that growth inhibition
by the antifungal hydrolases is due to swelling and lysis ofhyphal

3Abbreviations: WGA, wheat germ agglutinin.
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FIG. 5. Light micrographs of hyphae after incubation with crude protein extracts or purified enzymes. A, E, F. solani f.sp. lycopersici (250x), 4

h after the application of an extract (lx) from untreated pods (A) and from infected pods (E). B, F, P. digitatum (250x) 4 h after the application of
an extract (lx) from untreated pods (B) and from infected pods (F). C, G, T. viride (350x) lh after the application of water (C) and of a solution of
32 gg mL-' purified chitinase Chl (G). D, H, F. solani f.sp. phaseoli (250x), 0 min (D) and 5 min (H) after the application of a combination of
chitinase Chl (32 ug mL-') and f-1,3-glucanase G2 (65 gtg mL-').

Toxins

DOsoxeifcation
FIG. 6. Model of the action of hydrolases in plant-pathogen

interactions.

tips. This is in accord with current models of hyphal growth. In
fungi, wall extension is restricted to the hyphal tip and is thought
to represent a delicate balance between synthesis and degradation
of the main wall components, chitin and fl-1,3-glucan (4, 12).
Exogenously applied chitinase and fl-1,3-glucanase may disturb
this balance. In this regard, it is interesting that purified plant
chitinase is most active on chitin in the process of formation, the
so-called nascent chitin (22). Similarly, the freshly synthesized
chitin at the hyphal apex is in a nascent state and, therefore

particularly susceptible to chitinase. The requirement for f,-1,3-
glucanase in addition to chitinase to cause lysis indicates that
most hyphal tips contain fl-1,3-glucan in addition to chitin.
Hyphal walls of subapical regions and the walls of the fungal
spores were resistant to the hydrolases, suggesting that chitin and
fl-1,3-glucan are protected by additional compounds at these
locations.
Our results do not provide any clues as to the nature of the

specific factors that determine resistance or susceptibility. The
pea pathogen, Fusarium solani f. sp. pisi, and the nonpathogen
of peas, Fusarium solani f.sp. phaseoli, which both induce chi-
tinase and fl-1,3-glucanase to a similar extent in pea pods, are
equally sensitive to the two enzymes. This clearly suggests that
the differential pathogenicity of these two fungal strains is not
due to differential sensitivity to pea chitinase and fl-1,3-
glucanase.
How is it possible that a pea pathogen, F. solani f.sp. pisi,

which is apparently highly sensitive to the antifungal hydrolases
on agar plates, can nevertheless invade a pea plant? One obvious
possibility is that the attacking pathogen does not come into
contact with the enzymes. In bean leaves, ethylene-induced
chitinase (7) and fl-1,3-glucanase (F. Mauch, L.A. Staehelin, in
preparation) accumulate in the central vacuole. Participation of
these vacuolar enzymes in defense against a fungus in the extra-
cellular space would require the disruption of the tonoplast and
the plasma membrane. This occurs generally in the hypersensi-
tive response of plants to incompatible pathogens, a phenome-
non characterized by the rapid death of a small number of cells
around the infection sites. It is interesting that, in the pea-
Fusarium interaction, only F. solani f.sp. phaseoli, but not F.
solani f.sp. pisi, induced a hypersensitive reaction which became

E F I
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visible about 5 h after inoculation (data not shown). An alter-
native possibility is that, in the plant, the pathogen forms inhib-
itors against the plant hydrolases, as has been described for the
interaction between Colletotrichum lindemuthianum and beans
(2).
Our results highlight a remarkable symmetry with regard to

the deployment of hydrolases in host-pathogen interactions (Fig.
6). After the initial contact, each member induces the formation
of hydrolases that can degrade the cell walls of the counterpart
and thereby lyse its cells. Each member may also have defenses
against the hydrolases of the counterpart, as in the case of the
plant pectinase inhibitors (14) and in the case of the fungal f,-
1,3-glucanase inhibitor (2). This symmetry at the protein level
complements a similar symmetry at the level of micromolecules,
where pathogens form toxins and plants phytoalexins. In addi-
tion, plants may use breakdown products of the pathogen or of
the host cell wall as elicitors to induce other defense reactions.
Both chitinase ( 16) and ,8-I ,3-glucanase ( 15) have been shown to
release elicitors from fungal cell walls.

In conclusion, a combination of chitinase and A-1 ,3-glucanase
strongly inhibits fungal growth. Thus, the two hydrolases clearly
have an antifungal potential. It remains to be seen whether this
potential actually contributes to resistance in specific plant-
pathogen-interactions. Our results with F. solani f.sp. pisi and F.
solani f.sp. phaseoli make it clear that the rate of increase of
chitinase and 13-1 ,3-glucanase activities does not determine
whether these interactions are compatible or incompatible. Chi-
tinase and 13-1,3-glucanase are obviously not products of so-
called resistance genes which determine the specificity of plant-
pathogen-interactions. Rather, they are among the defense-re-
lated gene products that are induced in response to a pathogen
and may contribute to the inhibition of a potential pathogen
when the plant expresses resistance.

Acknowledgment-We wish to thank Dr. L. A. Hadwiger, Pullman, Dr. P.
Matthews, Norwich, Dr. M. Allard, Versailles, Dr. F. J. Schwinn, Basel, Dr. U.
Gisi, Witterswil, and S. Jaunin, Basel, for their kind gifts of fungal strains, and P.
Moore for reading the manuscript.

LITERATURE CITED

1. ABELES FB, RP BOSSHART, LE FORRENCE, WH HABIG 1971 Preparation and
purification of glucanase and chitinase from bean leaves. Plant Physiol 47:
129-134

2. ALBERSHEIM P, B VALENT 1974 Host-pathogen interactions VII. Plant path-
ogens secrete proteins which inhibit enzymes of the host capable of attacking
the pathogen. Plant Physiol 53: 684-687

3. BARKAi-GOLAN R, D MIRELMAN, D SHARON 1978 Studies on growth inhibition
by lectins on Penicillia and Aspergilli. Arch Microbiol 116: 119-124

4. BARTNICKI-GARCIA S 1973 Fundamental aspects of hyphal morphogenesis. In
JM Ashworth, JE Smith, eds, Microbial Differentiation, 23rd Symp Soc Gen
Microbiol. University Press, Cambridge, pp 245-267

5. BELL AA 1981 Biochemical mechanisms of disease resistance. Annu Rev Plant
Physiol 32: 21-81

6. BOLLER T, A GEHRI, F. MAUCH, U. VOGELI 1983 Chitinase in bean leaves:
induction by ethylene, purification, properties, and possible function. Planta
157: 22-31

7. BOLLER T, U VOGELI 1984 Vacuolar localization of ethylene-induced chitinase
in bean leaves. Plant Physiol 74: 442-444

8. BOLLER T 1985 Induction ofhydrolases as a defense reaction against pathogens.
In JL Key, T Kosuge, eds, Cellular and Molecular Biology of Plant Stress,
Alan R. Liss, New York, pp 247-262

9. BOLLER T 1987 Hydrolytic enzymes in plant disease resistance. In T Kosuge,
EW Nester, eds. Plant-Microbe Interactions, Vol 2. Macmillan, New York,
pp 385-413

10. BRAMBL R, W GADE 1985 Plant seed lectins disrupt growth of germinating
fungal spores. Physiol Plant 64: 402-408

11. DYGERT D, LH Li, T FLORIDA, JA THOMA 1965 Determination of reducing
sugar with improved precision. Anal Biochem 13: 367-374

12. GOODAY GW 1978 The enzymology of hyphal growth. In JF Smith, DR Berry,
eds, The filamentous fungi, Vol 3. Wiley, New York, pp 51-77

13. HADWIGER LA, JM BECKMAN 1980 Chitosan as a component ofpea-Fusarium
solani interaction. Plant Physiol 66: 205-21 1

14. HOFFMAN RM, JG TURNER 1982 Partial purification of proteins from pea
leaflets that inhibit Ascochyta pisi endogalacturonase. Physiol Plant Pathol
20: 173-187

15. KEEN NT, M YOSHIKAWA 1983 (1-1,3-Endoglucanase from soybean releases
elicitor-active carbohydrates from fungus cell walls. Plant Physiol 71: 460-
465

16. KUROSAKI F, M AMIN, A NISHI 1986 Induction of phytoalexin production and
accumulation of phenolic compounds in cultured carrot cells. Physiol Mol
Plant Pathol 28: 359-370

17. LEAH R, J MIKKELSEN, J. MUNDY, I SVENDSEN 1987 Identification of a 28000
Dalton endochitinase in barley endosperm. Carlsberg Res Commun 52: 31-
37

18. MARTHUR RS, HL BARNETT, V GREENE 1950 Sporulation of Colletotrichum
lindemuthianum in culture. Phytopathology 40: 104-114

19. MAUCH F, LA HADWIGER, T BOLLER 1984 Ethylene: symptom, not signal for
the induction of chitinase and ,B-1,3-glucanase in pea pods by pathogens and
elicitors. Plant Physiol 76: 607-61 1

20. MAUCH F, LA HADWIGER, T BOLLER 1988 Antifungal hydrolases in pea tissue.
I. Purification and characterization of two chitinases and two ,B-1,3-glucan-
ases differentially regulated during development and in response to fungal
infection. Plant Physiol 87: 325-333

21. MIRELMAN D, E GALUN, N SHARON, R LOTAN 1975 Inhibition of fungal
growth by wheat germ agglutinin. Nature 256: 414-416

22. MOLANO J, I POLACHECK, A DURAN, E CABIB 1979 An endochitinase from
wheat germ. J Biol Chem 254: 4901-4907

23. PEGG GF 1977 Glucanohydrolases of higher plants: a possible defence mech-
anism against parasitic fungi. In B Solheim, J Raa, eds. Cell Wall Biochem-
istry Related to Specificity in Host-Pathogen Relationships. Universitetsfor-
laget, Tromso, pp 305-345

24. PEGG GF, DH YOUNG 1981 Changes in glycosidase activity and their relation-
ship to fungal colonization during infection of tomato by Verticillium albo-
atrum. Physiol Plant Pathol 19: 371-382

25. ROBERTS WK, CP SELITRENNIKOFF 1986 Isolation and partial characterization
oftwo antifungal proteins from barley. Biochim Biophys Acta 880: 161-170

26. SCHLUMBAUM A, F MAUCH, U VOGELI, T BOLLER 1986 Plant chitinases are
potent inhibitors of fungal growth. Nature 324: 365-367

27. WESSELS JGH, JH SIErSMA 1981 Fungal cell walls: a survey. In W Tanner, FA
Loewus, eds, Encyclopedia of Plant Physiology, New Series. Vol 1 3B. Sprin-
ger, New York, pp 352-394

28. YOUNG DH, GF PEGG 1982 The action oftomato and Verticillium albo-atrum
glycosidases on the hyphal wall of Verticillium albo-atrum. Physiol Plant
Pathol 21: 411-423

942 MAUCH ET AL.


